INTRODUCTION
Soybean requires water availability of 450-850 mm cycle -1 to keep yield (Embrapa 2003) . The best soybean yield and development potential may be limited by water stress during critical development stages, especially at the germination-emergence and flowering-grain filling stages. However, the effect of stress due to water deficit and/or surplus is complex and depends on the cultivar, development stage and its duration (Maehler et al. 2003 , Fante et al. 2010 .
ABSTRACT RESUMO
Water surplus stress alters the root system cellular metabolism, inhibiting symbiotic fixation and absorption of nitrogen and other minerals, leading to root growth reduction and nodulation, probably due to the oxygen demand in the fixation process (Amarante & Sodek 2006) . On the other hand, water deficit reduces plant photosynthetic rate, mainly by inducing stomatal closure and reducing leaf expansion, which limits CO 2 assimilation (Taiz & Zeiger 2009 ). Therefore, drought causes reduction of soybean growth rate and, consequently, lower grain yield (Almeida et al. 2003 ).
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Irrigation management aimed at optimal production has been based only on the water factor. However, in addition to the water potential of the soil, factors such as soil penetration resistance and soil O 2 diffusion rate also affect plant growth and interfere with water absorption, even if moisture is within the available water range. This study aimed at quantifying the least limiting water range and demonstrating its potential in soil and water management in irrigated agriculture. In order to determine the least limiting water range, soil water retention curves and soil resistance to penetration were determined from undisturbed soil samples. The sequential water balance and the reference, crop and real evapotranspiration were determined for a soybean crop season. Soil aeration was the least limiting water range upper limit for soils with bulk density greater than 1.33 Mg m -3 , whereas soil resistance to penetration was the lower limit for bulk density higher than 1.43 Mg m -3 . The bulk density of the soil studied was 1.35 Mg m -3 , indicating 0.37 m 3 m -3 of water availability, based on the least limiting water range, which is sufficient to supply the crop evapotranspiration. Irrigation management based on the least limiting water range is more efficient and complete than that based only on available water.
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Disponibilidade hídrica para a cultura da soja em função do intervalo hídrico ótimo e da evapotranspiração O manejo de irrigação, visando à produção ótima, tem sido baseado apenas no fator água. No entanto, além do potencial de água no solo, fatores como a resistência do solo à penetração e a taxa de difusão de O 2 no solo também afetam o crescimento das plantas e interferem na absorção de água, mesmo em umidades dentro do intervalo de água disponível. Objetivou-se quantificar o intervalo hídrico ótimo e demonstrar o seu potencial no manejo do solo e da água, na agricultura irrigada. Para determinação do intervalo hídrico ótimo, foram estabelecidas curvas de retenção de água no solo e de resistência do solo à penetração a partir de amostras do solo indeformadas. O balanço hídrico sequencial e a evapotranspiração de referência, da cultura e real foram determinados para o período de permanência da soja em campo. A aeração do solo foi o limite superior do intervalo hídrico ótimo para densidade do solo superior a 1,33 Mg m , com base no intervalo hídrico ótimo, o qual é suficiente para suprir a evapotranspiração da cultura. O manejo da irrigação baseado no intervalo hídrico ótimo é mais eficiente e completo do que o baseado apenas na água disponível. The estimation of crop water needs is carried out through water balance, taking into account rainfall and flows in the soil and between soil and atmosphere (Araujo et al. 2011) . Thus, three aspects are important to estimate water availability in agricultural crops: plant, atmosphere and soil (Allen et al. 1998 , Libardi 2005 , Casaroli et al. 2010 , Sant'Ana et al. 2012 , Pinto Junior et al. 2013 . The current irrigation management, aimed at optimal production, has been only based on the water factor. However, in addition to the soil water potential, factors such as soil penetration resistance and soil O 2 diffusion rate also affect plant growth and interfere with water absorption (Letey 1985) .
PALAVRAS-CHAVE:
The least limiting water range (LLWR), defined as the moisture amplitude in which plant growth and development limitations caused by physical constraints are minimal, includes limitations due to penetration resistance and aeration porosity, besides matric potential and soil density effects. Its amplitude indicates the thresholds in which the soil structural condition restricts plant growth and development. Reduced LLWR values indicate inadequate physical conditions for the crop (Silva et al. 1994) .
In a well-structured soil, with moderate density values, the moisture range in which plants meet optimum growth conditions is defined by water content at field capacity and permanent wilting point, i.e., LLWR is equal to the available water. However, with soil structural degradation, characterized mainly by compaction, total porosity reduction occurs. Therefore, aeration becomes deficient under high water content conditions, or even in moistures equal to or less than that corresponding to field capacity. On the other hand, the soil resistance to penetration is not only related to soil moisture, but also to density, and there may be penetration resistance values that limit plant growth in soil moistures higher than the permanent wilting point with compaction. In this case, LLWR would be defined by aeration porosity at the upper limit and by soil resistance to root penetration at the lower limit (Letey 1985 , Silva et al. 1994 .
As it is a soil physical parameter that incorporates plant growth limitations by aeration, available water and soil mechanical resistance to root penetration in a soil moisture range, LLWR may be a good alternative for irrigation management, promoting optimal production (Tormena et al. 1999 ). Thus, this study aimed at quantifying the least limiting water range and demonstrating its potential in soil and water management in irrigated agriculture.
MATERIAL AND METHODS
The study was developed at the Fazenda Capivara, an experimental unit of the Embrapa Arroz e Feijão, in Santo Antônio de Goiás, Goiás State, Brazil (16º29'15.6"S, 49º17'55.2"W and altitude of 786 m), where the climate, according to Köppen, is Aw, with annual average temperature of 23 ºC and annual rainfall of 1,500 mm (Silva et al. 2007 ). The soil of the experimental area was classified as a Typical Anionic Acrustox, highly clayey, containing average values of 650 g kg -1 of clay, 100 g kg -1 of silt and 250 g kg -1 of sand. The study was carried out in the 2013/2014 agricultural season, in a 6.99 ha area cultivated with soybean (Glycine max L. [Merril] ), in a crop-livestock integration system since 2000. In the grain production stage (2.5 years of annual crops), the area was managed under a no-tillage system and involved soybean (Glycine max L.), upland rice (Oryza sativa L.) and corn (Zea mays L.) cultivation, in chronological order, associated with forage in the rainy season, established by the Santa Fé system. After the corn harvest (for silage production), Urochloa brizantha grass pasture was established and managed for the next 3.5 years, without soil management during this period. After pasture, soybean was cultivated, beginning the annual crops stage again. Pasture areas were used for cattle rearing, which graze at an average stocking rate of 1.5 (winter) and 2.7 (summer) UA ha -1 . Soybean sowing was carried out on October 23, 2013 with the TMG 1180 RR cultivar.
For determining LLWR, it is necessary to know the soil water retention curves and soil resistance to penetration. Undisturbed soil samples were collected between planting rows with an "Uhland" soil sampler, using stainless steel cylinders with an approximate volume of 100 cm -3 , in 25 points in the area. Samples were removed at the 0.20-0.30 m layer, taking into account the crop root system effective depth, at 90 days after sowing. These samples were wrapped in plastic film, paraffin-wrapped and conditioned at a temperature of ≈ 5.0 ºC until laboratory analysis.
In order to obtain the retention curve adjustment points, soil samples were submitted to pressures of 0 hPa, 60 hPa, 80 hPa, 100 hPa, 330 hPa, 600 hPa, 1,000 hPa and 15,000 hPa after saturation, with three repetitions per curve. Low and high pressure points were obtained in tension tables and Richards' plate extractors, respectively. After reaching stability in each of the tensions, sample masses were obtained and tests of soil resistance to penetration were carried out using a bench top electronic penetrometer. Afterwards, samples were dried in an oven at a temperature of 105 ºC, for 24 h, in order to determine water content and soil density.
The functional relationship between matric potential and soil water content was adjusted using the equation described by Silva et al. (1994) :
where θ is the soil water content (m 3 m -3 ), Bd the soil density (Mg 3 m -3
), ψ the matric potential (hPa) and a, b and c the model adjustment coefficients.
The soil resistance to penetration curve was adjusted using the function employed by Silva et al. (1994) :
where RP is the resistance to penetration (MPa) and d, e, and f are the model adjustment coefficients.
The least limiting water range was determined by adopting the procedures described by Silva et al. (1994) . Plant growth limiting values were 100 hPa and 15,000 hPa, corresponding to water content at field capacity (θ FC ) and permanent wilting point (θ PWP ), respectively (Reichardt 1988) , 10 % for aeration porosity (q AP ) (Watanabe et al. 2002 ) and 3 MPa for soil resistance to root penetration (q RP ) (Cavalieri et al. 2011) . The values for θ FC , θ PWP and q AP were obtained by the equations 3, 4 and 5, respectively:
[4]
where Pd stands for particle density (2.65 Mg m -3 ). Data adjustment and determination for both the soil water retention and soil resistance to penetration curves were conducted using the nonlinear regression method.
Air temperature and rainfall climatic data were obtained at the Embrapa Arroz e Feijão automatic weather station, being used to determine the water balance and evapotranspiration. Daily sequential water balance was estimated for the period between sowing (October 26, 2013) and harvest (March 24, 2014) (Thornthwaite 1948) . Daily reference evapotranspiration (ET 0 ) was estimated by the Thornthwaite's method (1948) . Crop evapotranspiration (ETc) was determined by the product of ET 0 and crop coefficients (Kc) for each crop development stage, being 0.3, 1.15 and 0.5, for the initial, development and reproduction, and final stages, respectively (Allen et al. 1998) . In order to estimate the real evapotranspiration (RET = ETc • Ks), the soil water factor (Ks) was used, according to the following equation:
AWC -RAW (1 -p) . AWC
where AWC is the available water capacity (mm), obtained for a root system effective depth of 0.60 m; RAW the readily available water, obtained from AWC and a water availability factor of p = 0.5 root; and D r the water depth depletion in the rhizosphere region (mm) (Allen et al. 1998 ).
The crop critical water content (θ 1 ) was estimated by the following equation: ) and Ze the root system effective depth (m).
RESULTS AND DISCUSSION
The soil water retention and soil resistance to penetration curve equations are shown in equations 8 and 9: θ = exp. (-0.92 -0 
For the soil water retention curve, the positive sign of the coefficient related to Bd indicates that the water retention increases with Bd. Estimated coefficients of the model of soil resistance to penetration indicate that Bd positively influenced the penetration resistance, although being negatively influenced by the soil water content.
Soil moisture variation at field capacity critical limits, permanent wilting point, aeration porosity and soil resistance to root penetration, in relation to soil density, are shown in Figure 1 when aeration porosity replaces field capacity, as the LLWR upper limit. Thus, aeration porosity becomes the plant development limiting factor within the humidity range adopted for irrigation management (field capacity and permanent wilting point). This is due to a reduction in the number of macropores and the consequent increase in microporosity caused by soil compaction (Lanzanova et al. 2007 , Suzuki et al. 2007 ). Thus, aeration becomes deficient under high water content conditions or, as in this case, in humidities lower than that corresponding to field capacity. This indicates that, from this density, according to the LLWR, the irrigation depth should be established with aeration porosity as upper limit rather than field capacity. From the density of 1.43 Mg m -3
, the lower LLWR limit becomes a permanent wilting point. Root expansion mechanical impedance will interfere with water and nutrients absorption, with a consequent soybean yield decrease (Girardello et al. 2014) . Thus, there is soil moisture reduction for irrigation management, according to the LLWR amplitude, due to low O 2 diffusion rate in the soil, as well as due to root expansion mechanical impedance.
For the soybean cultivation period, there was a cumulative rainfall of 1,369.80 mm, which is sufficient to keep the soybean yield, which requires 450-850 mm cycle -1 (Embrapa 2003). However, even during the rainy season, when water surplus predominates, water deficit periods occur (Figure 2) .
Water balance showed a deficiency of 75.63 mm throughout the cycle, being higher in the months of January and February (23.15 mm and 35.63 mm, respectively), which correspond to the period when vegetative, flowering and grain filling stages occur. Water deficiency at these stages may limit the photoassimilates supply, which may accentuate flower abortion and vegetables abscission, in an attempt by the plant to keep balance between the photoassimilates production and reproductive structures fixation. This process contributes to the reduction of grain weight and number of grains per legume (Maehler et al. 2003 , Taiz & Zeiger 2009 ). . In this soil density, the LLWR limits are equal to the aeration porosity and permanent wilting point. Thus, irrigations should be performed more often and with lower depths, reducing the aeration impairment drawbacks, which tend to intensify under conditions of heavy water application (Amarante & Sodek 2006) (Figure 3a) . Taking the aeration porosity as the upper limit, instead of field capacity, the total available water would become 0.37 m 3 m -3
, which means a 11.27 % available water capacity reduction. Despite the reduction, the new available water capacity is still sufficient to supply the ETc.
The soil density of 1.43 Mg m -3 , where the lower LLWR limit becomes permanent wilting point, indicates soil physical degradation, as it begins to restrict the water range where roots can grow and develop within the available water capacity range (Figure 3b ). Using the aeration porosity and soil resistance to root penetration at this density to calculate the available water, an available water capacity reduction of almost 50 % is obtained, which may cause crop yield problems, since this humidity is not enough to supply the ETc, and humidity above that value may impair soil aeration.
Thus, soil management practices should be adopted when the soil density is equal to or higher than 1.43 Mg m -3 , since the benefit promoted by irrigation, in relation to optimum production, may not be achieved from an economic point of view. At this density, soil physical factors prevent the proper use of available water.
The narrower the interval between the LLWR upper and lower limits, the greater is the difficulty of managing water for optimum production, even in the presence of an irrigation system (Tormena et al. 1999) .
For a soil density of 1.35 Mg m -3 , a 7.5 % reduction for real evapotranspiration, in relation to the ETc, was observed (Figure 4a ). For the soil density of 1.43 Mg m -3 , this reduction was of 9.3 %, indicating an increase of almost 2 % in the difference between the real evapotranspiration and ETc with increasing soil density (Figure 4b ). This can also be observed by the Ks, which accompanied the real evapotranspiration, indicating water restriction. In these periods, irrigation would be necessary to avoid a yield decrease, since these periods occur in the vegetative, flowering, grain filling and grain maturation stages. The water deficit occurrence in a non-irrigated crop cycle may reduce yield by 26 %, when compared to plants submitted to irrigation (Almeida et al. 2003) .
In crop-livestock integration systems, the high pressures applied by animal hooves and agricultural tires tend to damage the vegetation and deform the soil structure, what may result in soil compaction (Collares et al. 2011 ). Higher soil density increases the penetration resistance and decreases the aeration porosity, in relation to the water content, replacing the field capacity and permanent wilting point as the upper and lower limits of the LLWR, respectively. LLWR is more sensitive to soil structural changes than individual parameters evaluated (Silva et al. 1994) .
In order to obtain an optimum crop production, it is necessary to take into account not only the conventional limits of water availability range, but also factors such as aeration porosity and soil resistance to penetration (Tormena et al. 1999) . Thus, the LLWR-based irrigation management is more , in a soybean crop-livestock integration system; 3. Soil management aimed at soil density reduction should be adopted when values are equal to or greater than 1.43 Mg m -3 , as it interferes with soybean growth and root system development, consequently interfering with water absorption. 
